Prenatal exposure to maternal obesity leads to hyperactivity in offspring Epidemiological findings show that maternal overweight or obesity at the time of pregnancy is associated with an increase in risk of child neurobehavioral disturbances, including attention deficit hyperactivity disorder (ADHD) symptoms and emotional problems. 1, 2 However, these studies leave the question of causality unanswered.
Although ADHD is clearly heritable, 3 environmental influences during early development are also important. 4 Prenatal/perinatal exposure to maternal high fat diet disturbs the offspring's hypothalamic neurocircuitry and neurotransmitter systems, such as the serotonergic and dopaminergic pathways 5 that are also implicated in ADHD, 3 and thus make the association biologically plausible.
To evaluate causality, we tested whether exposure to maternal diet-induced obesity was related to altered behavior in adult male mice (4-5 months). C57BL/6J dams were fed a highly palatable obesogenic diet 6 weeks before pregnancy and throughout gestation and lactation. 6 The diet mimics the typical Western diet in that it was both high in fats and sugar, 6 whereas control dams were fed standard chow throughout. Both diets were comparable in micronutrients. At weaning, offspring of both groups were removed from the homecage and fed standard chow, thus the only difference between groups was exposure to maternal obesity. By using an inbred mouse strain (C57BL/6J), alternative explanations, including genetic variation, and social confounding that are inherent in human studies are removed, and the experimental design provides, as a proof of concept, an opportunity to evaluate whether exposure to maternal obesity would cause behavioral disturbance in the offspring.
Hyperactivity is the feature of ADHD that is convincingly modeled in rodents. 7 Therefore, we tested hyperactivity in both novel and familiar situations across three tasks; an open field test, the light/dark box and a novel homecage. Offspring of obese mice (OO, n = 9) were more active as compared with control (OC, n = 8) mice in all three tasks. OO mice traveled significantly greater distances in the ) in the homecage during the novelty hour (first hour of recording in the homecage task) (d) by control (OC:J) or the offspring of obese mothers (OO:K). *P < 0.05, **P < 0.01; two tailed student's t-test.
outer zone of the open field (t(15) = 2.4, P = 0.03, Figure 1a ). Further, OO mice had faster locomotor speed and increased rearing within the outer zone (t(15) = 2.4, P = 0.03; t(15) = 2.1, P = 0.05). In the light/ dark box, OO were more active, traveling significantly greater distance within the dark zone (Figure 1b) , and had increased locomotor speed in the light zone (t(15) = 3.2, P = 0.01) and made more rears in the dark area (t(15) = 2.34, P = 0.03), see Supplementary Table 1. In the third task, OO were more active in the homecage, in terms of distance traveled (t(15) = 2.5, P = 0.02) and mean speed (t(15) = 2.2, P = 0.04), during the first 10-min bin of the novelty hour (Figures 1c  and d) and faster during the third time bin (20-30 min) of the dark hour (t(15) = 2.2, P = 0.05), see Supplementary Table 1 .
Children of obese mothers have been reported to have more emotional difficulties than the children of normal weight mothers. 2 Thus, we tested whether hyperactivity was secondary to anxiety-like behaviors. No differences in anxiety-like behavior were seen in either the open field or the light/dark box, suggesting that hyperactivity of the OO mice was not driven by anxiety-related activity.
Although animals exposed to maternal obesity did not weigh more than control animals at the start of the behavioral testing (t(15) = 0.52), see Supplementary Table 1 , they had a greater inguinal white adipose tissue weight, indicative of obesity (see Supplementary Table 2 ). At 3 months of age, littermates (n = 6) had elevated basal systolic blood pressure and displayed enhanced cardiovascular reactivity in response to a mild restraint stress. Spectral analysis of heart rate variability revealed an increase in the ratio of low-frequency to high-frequency oscillations, indicative of a dominant increase in sympathetic activity in the autonomic control of basal blood pressure, see Supplementary Table 2 . There was an increase in heart weight in OO compared with OC mice, but this did not reach significance (P = 0.08), see Supplementary Table 2 . These enhanced cardiovascular responses indicate increased sympathetic activity, and may be either driving the behavioral hyperactivity or be on the causal pathway.
Our results point to a direct biological link between in utero exposure to maternal obesity and hyperactivity in the adult offspring, that is, life-long behavioral perturbation, and hence proof of concept. This result supports the concept of developmental origins of health and disease whereby risk is conferred via nongenomic transmission through early environmental influences. 4 A previous experiment assessing activitylike behaviors reported decreased homecage activity in young (3 months), but not older (6 months), male offspring of obese dams. 6 This finding points to a potential developmental effect, however, because activity was measured using radio-telemetry rather than direct tracking during specific tasks, as in the present study, it is difficult to make a comparison. Further work should be aimed at examining potential developmental differences. Another study found that young adult offspring of dams that were fed a cafeteria diet had reduced anxiety-related behavior. 8 Our study showed that hyperactivity was not mediated via anxiety-like behavior or neurological impairments and points to a direct biological mechanism that has yet to be pin-pointed. There are several potential ways in which the dietary environment could influence developmental programming, including the induction of epigenetic modification of DNA that can result in altered gene expression. 4 Altered leptin levels could be another potential mediator for the behavioral effects observed as leptin levels have been shown previously to be elevated in this mouse model of maternal obesity 6 and it is known that leptin can alter locomotor activity. 9 The effect of prenatal/perinatal exposure to an obesogenic diet may have broader implications for psychiatry as hyperactivity is also a key behavior in models of bipolar disorder. 10 Given the vast impact that both obesity and ADHD have globally, these results provide an impetus for delineation of the mechanisms and a potential new target for the prevention of ADHD.
